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Abstract
Blue native polyacrylamide gel electrophoresis (BN-PAGE) analyses of detergent mitochondrial extracts have provided evidence that the
yeast ATP synthase could form dimers. Cross-linking experiments performed on a modified version of the i-subunit of this enzyme indicate
the existence of such ATP synthase dimers in the yeast inner mitochondrial membrane. We also show that the first transmembrane segment of
the eukaryotic b-subunit (bTM1), like the two supernumerary subunits e and g, is required for dimerization/oligomerization of ATP
synthases. Unlike mitochondria of wild-type cells that display a well-developed cristae network, mitochondria of yeast cells devoid of
subunits e, g, or bTM1 present morphological alterations with an abnormal proliferation of the inner mitochondrial membrane. From these
observations, we postulate that an anomalous organization of the inner mitochondrial membrane occurs due to the absence of ATP synthase
dimers/oligomers. We provide a model in which the mitochondrial ATP synthase is a key element in cristae morphogenesis.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The F1F0–ATP synthase complexes of mitochondria,
eubacteria and chloroplasts catalyze ATP synthesis from
ADP and Pi by using the electrochemical gradient gen-
erated by respiratory or photosynthetic chains [1]. This
enzyme is composed of two different sectors: the mem-
brane-embedded F0-part, which is responsible for proton or
sodium translocation across membranes, and the hydro-
philic F1-part, which contains the catalytic sites. The
F1F0–ATP synthase of the yeast Saccharomyces cerevisiae
is a 600 kDa complex constituted of 17 distinct subunits.
The yeast enzyme is related in composition to the mam-
malian ATP-synthase. Three proteins (subunits 6, 8 and 9)
are encoded by the mitochondrial genome, while all the
other subunits are nuclear encoded. A ring of subunit 9 is
associated with one subunit 6, one subunit 8 and the
hydrophobic domain of subunit 4. These components make
up the basic portion of the proton translocating F0-sector.
Subunits OSCP, 4, h, d and f constitute a peripheral stalk,
known as the ‘‘second stalk.’’ The F1-portion consists of a
(ah)3 barrel that surrounds a coiled–coil helical domain of
the g-subunit [2], and a central stalk formed by subunits y,
q, and the remainder of the g-subunit [3]. Each of the 13
subunits mentioned above has been shown to be indispen-
sable for enzyme activity [4]. Recently, Stock et al. [5]
reported the 3.9 A˚ resolution X-ray structure of yeast F1
associated with the 9-ring oligomer. The combination of
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structural and biochemical studies has led to a rotary motor
model, in which proton flow across F0 drives a central
‘‘rotor’’ (subunits 910g1q1y1) relative to a ‘‘stator’’ (sub-
units 614181f1d1h1OSCP1(ah)3). The rotation of the g-
subunit inside the (ah)3 barrel would decrease ATP
affinity on the catalytic sites, thus inducing ATP release
from the enzyme.
Despite the tremendous work accomplished to determine
the F1F0–ATP synthase structure, a large part of the F0
organization remains unknown. Four supernumerary pro-
teins (subunits i, e, g and k) belonging to the F0 sector were
identified recently [6,7]. In their absence, yeast cells still
grow on a non-fermentable carbon source, so these proteins
are not essential for ATP synthase activity.
Subunit i, also known as subunit j [8] is an inner
membrane protein of 6.7 kDa with one membrane-spanning
segment. Its N-terminal extremity is oriented towards the
matrix, while its C-terminal part is located in the intermem-
brane space [8,9]. Its stoichiometry is 1 per F1F0–ATP
synthase complex [9]. Cross-linking experiments have
established the proximity between the short matricial por-
tion of this subunit and subunits g, f and d [9]. The function
of subunit i is still unknown.
Subunit e was found in bovine heart, rat liver, and
yeast mitochondrial ATP synthases [10–12]. The C-ter-
minal extremity of this protein is predicted to adopt a
coiled–coil structure and is located in the inner-membrane
space. Cross-linking experiments have shown that subunit
e is in the vicinity of subunit g and close to another
subunit e [13]. Using the Blue native polyacrylamide gel
electrophoresis (BN-PAGE) technique, Arnold et al. [7]
have identified a dimeric state of the ATP synthase in
Triton X-100 mitochondrial extracts. Subunits e, g and k
were only detected in the dimeric form of the enzyme.
The ATP synthase dimers were absent in extracts from
strains devoid of subunits e or g, indicating that these two
proteins are involved in the dimerization of the ATP
synthase complex. Using a similar approach and cross-
linking experiments performed on a strain with a mutated
version of subunit i, we show that ATP synthase dimers
exist in the inner membrane. In this paper we also review
results suggesting that, in addition to subunits e and g,
the first membrane-spanning segment of subunit 4, bTM1,
is also required for ATP synthase dimerization or for a
higher state of oligomerization of the ATP synthase
complex.
Mitochondria are highly compartmentalized organelles.
High-resolution scanning electron microscopy and electron
tomography have recently provided a new mitochondrion
model in which the inner mitochondrial membrane forms a
structured network of cristae [14,15]. Electron microscopic
studies performed on yeast cells lacking either subunit e,
subunit g, or bTM1 have shown that in the absence of these
specific dimerization/oligomerization components, the inner
mitochondrial membrane is completely disorganized and
does not form cristae [17,18]. These results indicate that a
link exists between the yeast F1F0–ATP synthase oligome-
rization and cristae genesis [17].
2. Materials and methods
N,NV-(1,2-phenylene)dimaleimide (oPD), 2-(4-dimethyla-
minostyryl)-1-methylpyridinium iodide (DASPMI) and dig-
itonin were from Sigma. All other reagents were of reagent
grade quality.
2.1. Strains
The S. cerevisiae strain D273-10B/A/H/U (MATa, met6,
ura3, his3) [16] was the wild-type strain. The yeast mutants
with a punctual mutation were named as (name of the
subunit)(wild-type residue)(residue number)(mutant resi-
due). Datp20 strain devoid of subunit g, Dtim11 cells devoid
of subunit e, and bDTM1 strain, lacking the first trans-
membrane segment of subunit 4, were described previously
[17,18].
2.2. Microscopic imaging
Cells grown in 2% lactate medium were harvested in
exponential growth phase (6 107 cells/ml), washed with
water and then incubated for 30 min in the presence of 5
AM of DASPMI [19]. Epifluorescence microscopy was
carried out with a Leica DMRXA microscope fitted with
a 100 immersion objective and a standard FITC filter
set.
2.3. Ultrastructural studies
Freezing and freeze-substitution of yeast cell pellets were
performed as previously described [17].
2.4. Biochemical procedures
Cells were grown aerobically at 28 jC in a complete
liquid medium containing 2% lactate as carbon source [20]
and harvested in exponential growth phase. Mitochondria
were prepared from protoplasts as previously described
[21]. Protein amounts were determined according to Lowry
et al. [22] in the presence of 5% SDS using bovine serum
albumin as standard. BN-PAGE experiments were done as
described in Refs. [23–25]. BN-PAGE were either stained
with Coomassie brilliant blue or incubated in a solution
containing 5 mM ATP, 5 mM MgCl2, 0.05% lead acetate, 50
mM Glycine–NaOH pH 8.4 to detect the ATPase activity.
Protein standards were thyroglobulin (669 kDa), apoferritin
(443 kDa), h-amylase (200 kDa) and serum albumin (132
and 66 kDa). SDS-PAGE were silver-stained according to
Ansorge [26]. Cross-linking experiments of isolated mito-
chondria were performed in 0.6 M mannitol, 2 mM EGTA,
50 mM N-[2-hydroxyethyl]piperazine-NV-[2-ethanesulfonic
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acid] pH 7.0 at a protein concentration of 10 mg/ml.
Mitochondria were incubated either with 5 mM NEM or
0.3 mM oPD for 45 min at 4 jC. The reaction was quenched
by addition of 2-mercaptoethanol. Mitochondria were pel-
leted and extracted with the indicated digitonin/protein ratio
as in Ref. [17].
3. ATP synthase dimers are present in the yeast
mitochondrial membrane
The environment of subunit i was studied by the combi-
nation of cysteine-generated mutants and cross-linking
reagents. Western blot analyses of the cross-linked products
revealed a proximal relationship between subunit i and
subunits 6, f, d and g [9], all of them being components
of the F0 domain. In addition, mass spectrometry analyses of
cross-linked products of 12 and 17 kDa revealed the
existence of i+ i and i + e cross-linked products, respectively
(Paumard et al., manuscript in preparation). Since the
stoichiometry of subunit i is one per F1F0 complex, we
hypothesized that the cross-linked product of 12 kDa was
the result of an intermolecular cross-linking between two i-
subunits belonging to two different ATP synthases. This was
then demonstrated by using the yeast mutant iK51C in
which the unique cysteine residue at position 51 is located
in the intermembrane space. iK51C mitochondria were
incubated with oPD and then solubilized with a digitonin/
protein ratio of 2 g/g. At this ratio, both dimeric and
monomeric forms of ATP synthase could be observed on
BN-PAGE (Fig. 1A). The ATP synthase components of
monomeric and dimeric forms were then separated by SDS-
PAGE and analyzed by Western blot (Fig. 1B). The 12 kDa
i + i cross-linked product mediated by oPD was only found
in the dimeric ATP synthase sample. A disulfide bond
formation between two i-subunits was also observed upon
oxidation with CuCl2 (data not shown), thus showing the
proximity in the mitochondrial membrane of the C-terminal
parts of subunit i belonging to two close enzymes. The 29
kDa adduct resulted from an intramolecular cross-linking
between the endogenous Cys23 of subunits 6 and Cys51 of
subunit i. The same cross-links were obtained upon incu-
bation of iK51C digitonin extracts with oPD (not shown).
Since the i + i cross-link was observed with an oPD-treat-
ment performed before (i.e., on intact mitochondria) or after
digitonin extraction, these results indicate that the digitonin
extracted dimers pre-existed in the yeast mitochondrial inner
membrane.
4. The b-subunit is involved in the dimerization of the
ATP synthase
Subunits e and g are involved in the dimerization of the
ATP synthase [7]. We have previously shown that the yeast
subunit 4 (the subunit homologous to the mammalian b-
subunit), an essential component of the second stalk, is also
involved in the dimerization of the enzyme [27]. The first
data were obtained from the mutant 4D54C. This mutant has
Fig. 1. Cross-linking of two subunits i. (A) iK51C mitochondria (1 mg
protein) were incubated with 5 mM NEM (lane 1) or 0.3 mM oPD (lane 2).
The reaction was stopped upon 2-mercaptoethanol addition and mitochon-
dria were pelleted. Digitonin (100 Al of a 2% solution) was added. Extracts
were centrifuged (15 min, 30,000 g, 4 jC) and 40 Al of the supernatants
were submitted to BN-PAGE analysis. The ATPase activity was revealed in
the slab gel. (B) Bands corresponding to the monomeric and dimeric forms
of the ATP synthase were excised and submitted to two-dimension SDS-
PAGE. The slab gel was transferred onto a nitrocellulose membrane which
was probed with a polyclonal antibody raised against subunit i. Lane 1:
iK51C mitochondria incubated with 0.3 mM oPD. Lanes 2 and 3:
monomeric and dimeric forms of ATP synthase from NEM-treated iK51C
mitochondria, respectively. Lanes 4 and 5: monomeric and dimeric forms of
ATP synthase from oPD-treated iK51C mitochondria, respectively.
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a unique cysteine residue in the loop that connects the first
membrane-spanning segment TM1 to the second mem-
brane-spanning segment TM2. This loop is accessible from
the intermembrane space [27]. The 4D54C subunit sponta-
neously dimerized with another subunit 4 in the mitochon-
drial membrane. Since the stoichiometry of the subunit is
one per enzyme, we concluded that the ATP synthases are
close in the inner mitochondrial membrane [27]. Similar
dimerizations between subunit 4 were obtained with cys-
teine mutants at positions 86, 98 and 104 of subunit 4 [28].
As these positions are located in the matricial domain of
subunit 4, these spontaneous disulfide bond formations
suggest that subunit 4 could constitute an interface between
two ATP synthases. Surprisingly, such a dimerization still
occurred in the absence of subunits e or g, thus showing the
proximity in the mitochondrial membrane of two ATP
synthase complexes even when the specific dimerization
components are not present [17].
Unlike b-subunits of bacteria, which have only one
transmembrane segment in their N-terminal part, the
mitochondrial b-subunit has two membrane-spanning seg-
ments, TM1 and TM2. The ATP synthase of a yeast
mutant with a subunit 4 devoid of the first transmem-
brane segment (bDTM1) has an enzyme activity similar
to that of a wild-type strain [18] but is unable to
dimerize as indicated by BN-PAGE analysis (Fig. 2A).
As shown by Arnold et al. [7], the dimeric form of ATP
synthase is not present in Triton X-100 extracts from
strains devoid of subunit g. In the bDTM1 mutant, we
have noticed a strong decrease in the amount of this
subunit [18]. Soubannier et al. [28] have established a
proximity between subunit g and the N-terminal part of
subunit 4. Therefore, we hypothesize that in eukaryotic
cells the b-subunit has evolved to accommodate the
interaction with subunit g. In the absence of bTM1,
subunit g may not be correctly assembled in the complex
and/or rapidly degraded, thus leading to a defect in the
dimerization process.
5. The mitochondrial ATP synthase displays oligomeric
forms
Mitochondrial proteins were extracted with digitonin
(digitonin/protein ratio = 1 g/g) and separated on a Blue-
Native acrylamide-gradient gel. The gel was either ana-
lyzed for ATPase activity (Fig. 2A) or stained with
Coomassie brilliant blue (Fig. 2B). ATPase activity could
be detected in four major bands, corresponding to entities
with an apparent molecular mass of 450, 650, 1200 kDa
and above 2000 kDa. Two-dimensional SDS-PAGE anal-
yses of BN-PAGE lanes confirmed these entities to be
the F1 sector, the monomeric form, the dimeric form and
a higher oligomeric state of the ATP synthase, respec-
tively (Fig. 2C). Digitonin/protein ratios higher than 1 g/g
destabilized the oligomeric forms (Fig. 2B, lane 2). The
oligomeric species could correspond at least to a tetra-
meric enzyme. As previously reported by Arnold et al.
[7], mitochondrial extracts from cells devoid of subunit g
and obtained with a digitonin/protein ratio of 1 g/g
contained only the monomeric form of the ATP synthase.
However, in the Datp20 null mutant extracts a very faint
band of the dimeric form was observed by using only the
ATPase activity assay but the oligomeric forms of the
enzyme were absent (Fig. 2A and B, lane 3). Extracts
from the bDTM1 mutant also contained mostly the
monomeric form of ATP synthase and small amounts of
Fig. 2. BN-PAGE analyses of mitochondrial digitonin extracts. (A) Samples
were prepared at a digitonin to protein ratio of 1 g/g. The ATPase activity
was revealed in the slab gel. Lane 1: wild-type extract. Lane 2: bDTM1
extract. Lane 3: DATP20 extract. (B) The slab gel was stained with
Coomassie brilliant blue. Lane 1: wild-type extract (digitonin/protein
ratio = 1 g/g). Lane 2: wild-type extract (digitonin/protein ratio = 2 g/g).
Lane 3: DATP20 extract (digitonin/protein ratio = 1 g/g). Lane 4: standards.
(C) The wild-type lane (lane 1 of B, digitonin/protein ratio = 1 g/g) was
submitted to a two-dimension SDS-PAGE. The slab gel was then silver-
stained. %T= acrylamide concentration.
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dimeric forms (Fig. 2A, lane 2). Similar observations
were made with digitonin extracts from mitochondria
devoid of subunit e (not shown). It has to be noticed
that oligomers are only detected in extracts obtained at
low detergent concentrations. However, we cannot dem-
onstrate if these oligomers pre-exist in the mitochondrial
inner membrane or if they result from the association of
extracted ATP synthases. Nevertheless, they are absent
from extracts obtained in the same conditions and with a
similar solubilization yield from Datp20, Dtim11 and
bDTM1 strains. This is in disfavor with an artifactual
aggregation, at such low detergent to protein ratios.
6. Mitochondrial morphology is altered in the absence of
components involved in the dimerization of the ATP
synthase
Microscopic observations showed that yeast cells devoid
of the dimerization components were 1.5-fold larger than
wild-type cells (Fig. 3). Cells were incubated with DASPMI,
a fluorescent probe that is taken up in mitochondria as a
function of membrane potential. A peripheral distribution of
mitochondria was observed in wild-type cells, whereas in the
absence of subunit e (Fig. 3) or subunit g (not shown),
mutant cells displayed a diffuse fluorescence, suggesting an
alteration of mitochondria. Transmission electron micro-
graphs of yeast cell sections were also performed to examine
the ultrastructure of mitochondrial membranes. Null mutant
mitochondria lacking subunit e were devoid of cristae and
displayed ‘‘onion-like’’ structures (Fig. 4A). The same
abnormal mitochondrial structures were found in cells lack-
ing subunit g or with a subunit 4 truncated in its N-terminal
part [17,18]. Immunoelectron micrographs, performed on
cells lacking subunit g, with antibodies directed either
against the h-subunit (as a marker for the inner membrane)
or against porin (as a marker for the outer membrane) have
unambiguously established that these onion-like structures
consisted of a proliferation of the inner mitochondrial
membrane [17]. The abnormal mitochondrial structure of
the null mutant devoid of subunit e was cured by a plasmid
bearing the gene encoding wild-type subunit e, thus showing
the reversibility of the defect (Fig. 4B). Such anomalous
mitochondria have never been observed with mutant strains
deficient in a- or h-subunits or in F1 assembly (J.P. di Rago,
unpublished data). On the other hand, other yeast mutants
such as those altered in apocytochrome b and cytochrome
oxidase are characterized by mitochondria displaying nor-
mal-looking but less numerous cristae compared to normal
respiring yeasts [29]. Therefore, the absence of either subunit
e, g, or the first membrane-spanning segment of subunit b is
likely the cause of such abnormal structures.
Fig. 3. Cells devoid of subunit e (Dtim11) display abnormal mitochondrial morphology. Wild-type and Dtim11 cells were grown in 2% lactate, incubated for 30
min with 5 AM DASPMI, and then visualized by Nomarski optics or with FITC filters (magnification: 1000 ). Cells shown on the pictures are representative
of each strain.
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7. What is the role of the dimerization of the yeast ATP
synthase?
The previous results suggest a relationship between the
dimerization of the ATP synthase and the mitochondrial
morphology. Allen et al. [30] observed association of ATP
synthase dimers on tubular cristae in Paramecium multi-
micronucleatum mitochondria. Allen [31] proposed that two
associated ATP synthases, with an overall shape approx-
imating a truncated cone, might offer the potential to form a
rigid arc, thus leading to a budding of the inner mitochon-
drial membrane. This budding might then amplify to form
tubules upon association of additional complexes during
mitochondrial biogenesis. To build such ATP synthase
oligomers, two interfaces might exist, as indicated in the
model presented in Fig. 5. In this model, the first interface is
composed of subunits e, g and the N-terminal domain of the
b-subunit. The second interface involves the C-terminal part
of the b-subunit. This is supported by observations of
spontaneous disulfide bond formations between subunit b,
even in the absence of subunits e or g [28]. Subunit i is
probably not directly involved in this dimerization/oligome-
rization process, however, BN-PAGE analyses of digitonin
extracts have indicated a slight destabilization of ATP
synthase dimers in extracts from strains lacking this protein
(not shown). Subunit i is located in the vicinity of subunits e
and g and may help to stabilize these two dimerization
components. The function of subunit k in this process
remains also to be determined.
According to the mitochondrial cristae-junction model
[15], cristae form a network of tubular or lamellar structures.
These structures are linked by tubular connections to the
peripheral inner membrane that is juxtaposed to the outer
membrane. Whether ATP synthase oligomerization plays a
role in the maintenance of these tubular connections and/or
in the organization of tubular or lamellar cristae is now a
challenging question to answer.
Mitochondrial morphological modifications are often
associated to mitochondrial dysfunctioning, some of which
involve the ATP synthase. A case with a severe mitochon-
drial ATP synthase deficiency has been reported whose
nuclear mutation affected both the ATP synthase and mito-
chondrial morphology [32]. In that case, mitochondria
displayed onion-like structures very similar to those
reported in this paper.
The ATP synthase oligomerization model presented here
is certainly still speculative. However, it takes into account
the topological and structural knowledge on the F0-sector
and the cross-links observed in and between ATP synthase
complexes. Experiments are in progress to validate or
invalidate this working model.
Fig. 4. Transmission electron microscopy of yeast cell sections. Samples
were prepared as in Ref. [17]. (A) Cells devoid of subunit e. (B) Cells
devoid of subunit e and complemented by the low copy shuttle vector
pRS313 bearing the gene encoding subunit e. The abbreviations are: m,
mitochondria; n, nucleus; v, vacuole. The bars indicate 0.5 Am.
Fig. 5. Model of F1F0 oligomers. ATP synthase molecules are shown as
observed from the lumen of cristae.
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